Introduction {#S0001}
============

In Colombia, one of the most important economic activities is agricultural production and farmers are frequently exposed to pesticides. Pesticides play an important role in the control of agricultural pests, and include several categories of fungicides, insecticides, herbicides, and others, with organophosphorus pesticides being the most frequently used.[@CIT0001]

Exposure to pesticides is concerning because many studies have associated occupational exposure to these chemicals with an increased incidence of various diseases, including cancer, Parkinson's disease, Alzheimer's disease, reproductive disorders, and birth defects.[@CIT0002] Exposure to pesticides can induce oxidative stress by increased production of free radicals, which accumulate in cells and can cause gene mutations and chromosomal aberrations.[@CIT0003]--[@CIT0005]

In recent years, genotoxicity from exposure to pesticides has been extensively investigated in cell lines and animal models. However, although many cases of pesticide poisoning throughout the world are documented every year, data concerning chromosomal damage in occupationally exposed people is limited.[@CIT0006] Chromosomal alterations (CAs) related to pesticide exposure have been identified in several populations, and while some significant differences in the frequency of CAs in exposed individuals compared to unexposed controls have been reported,[@CIT0007]--[@CIT0012] other studies have not observed any association.[@CIT0013],[@CIT0014] Furthermore, although some studies have shown the induction of CAs in humans, they have mainly reported alterations such as associations of satellites (between acrocentric chromosomes), gaps,[@CIT0015] ruptures, sister-chromatid exchanges,[@CIT0016] and micronuclei, so the level of chromosomal instability (CIN) induced by exposure to pesticides is poorly documented. Furthermore, information about the type and frequency of specific CAs induced by exposure to pesticides is scarce or absent.

The assessment of chromosomal damage in occupationally exposed humans is useful for measuring the genetic risk in the exposed population,[@CIT0017],[@CIT0018] and also an important step in the early detection of diseases when control measures could prove effective. CAs in peripheral blood lymphocytes (PBLs) reflect sensitivity to both exogenous and endogenous genotoxic substances and could be used as biomarkers of chromosomal damage and possible risk of developing diseases, including cancer. Further, these analyses are considered reliable and are an important tool to estimate both biological and genetic risk factors, related to pesticide exposure.[@CIT0019]--[@CIT0021] The aim of this study was to evaluate CIN in farmers occupationally exposed to pesticides in the department of Cundinamarca, Colombia.

Materials and Methods {#S0002}
=====================

Study Population {#S0002-S2001}
----------------

The study was carried out on a group of five individuals from the department of Cundinamarca, Colombia who were routinely "exposed" to pesticides. The exposed individuals consisted of men and women between 51 and 66-years-old and who had been exposed to pesticides through work for at least 12 months.

The unexposed group consisted of five healthy men and women, without indication of previous occupational exposure to pesticides. The group had a similar age range (between 52 and 63 years old), sex distribution and lifestyle habits as the exposed group ([Tables 1](#T0001){ref-type="table"} and [2](#T0002){ref-type="table"}).Table 1General Characteristics of the Groups StudiedExposedUnexposed**Number**55**Age (mean ± SD)**57 ± 6.256.4 ±5.5**Gender (n)** Male33 Female22**Exposure months (mean ± SD)**154.8 ±152.20**Smoking status (n)** Smokers11 Non-smokers44**Drinking status (*n*)** Drinkers34 Non-drinkers21[^1] Table 2Detailed Characteristics and Percentages of Chromosome Variants (CVs) and Chromosomal Alterations (CAs) Identified in the Exposed and Unexposed GroupsAge (Years)Exposure (Months)Habits% of CVs and CAsSmokingDrinking**Exposed** E166120----41 E26360--1/week26 E35248----32 E451126--1/month32 E553420+1/month19 **Mean**57154.8 **Median**53120**Unexposed** C163----1/month9 C262----1/month4 C352------10 C452----1/six months4 C553----1/week8 **Mean**56.4 **Median**54.7

Each individual was personally interviewed and filled in a routine questionnaire to record possible confounding factors such as diseases, age, smoking and drinking habits, exposure to pesticides, duration of exposure to pesticides and the use of protection devices ([Table 1](#T0001){ref-type="table"}). Individuals who had suffered from cancer or had received radiotherapy, chemotherapy, or other recent prolonged medical treatment were excluded.

Data from the five exposed individuals were compared with those of the unexposed individuals. This study was approved by Ethics Committee of Universidad Pedagógica y Tecnológica de Colombia, Tunja (Colombia) and was conducted in accordance with the Declaration of Helsinki. Before blood sampling, a written informed consent was obtained from each participating subject.

Blood Sampling {#S0002-S2002}
--------------

Peripheral blood samples from exposed and unexposed individuals were collected in blood collection tubes containing heparin by venous puncture. The samples were labeled, transported to the laboratory, and immediately processed.

Metaphase Spreads and G-Banding Using Trypsin and Giemsa Stain {#S0002-S2003}
--------------------------------------------------------------

Metaphases were obtained using standard harvesting protocols for banding and molecular cytogenetic analysis. Briefly, 1 mL of heparinized peripheral blood were cultured in duplicates in 5 mL RPMI-1640 medium (Sigma, St. Louis, MO, USA), supplemented with 100 µL phytohemaglutinin-M (Gibco, Life Technologies, Nebraska, USA) and 10% fetal bovine serum (FBS) (Sigma). The cultures were incubated for 72 h at 37°C in 5% CO~2~ atmosphere. After 72 h, N-Deacetyl-N-methylcolchicine solution (0.0001 g/mL final conc.) (Sigma) was added to cultures 25 min before cell harvesting. Then, cells were treated with KCl solution at a concentration of 0.075 M (hypotonic solution), fixed with Carnoy's fixative (3:1 methanol to acetic acid) three times and spread on glass slides. Thus obtained, the chromosomal preparations were banded with GTG-Banding using trypsin solution (0.25%) (Gibco) and Giemsa stain (Sigma).

GTG-Banding Cytogenetic Analysis {#S0002-S2004}
--------------------------------

Characterization of CIN by using G-Banding cytogenetic was performed on a total of 544 metaphases. Image acquisition and karyotyping of metaphases were performed using an Olympus microscope with cytogenetic software, Cytovision System 7.4 (Leica Biosystems Richmond, VA, USA). Fragilities (fra), variation in length of heterochromatic segments on the long arms of chromosomes 1 (1qh+), 9 (9qh+) and 16 (16qh+); inversion of chromosome 9 \[inv(9)\]; chromosomal breaks (chrb) and chromatid breaks (chrb), and CAs including structural (SCAs) and numerical chromosomal alterations (NCAs) were evaluated. All chromosome variations and CAs were described according to the International System for Human Cytogenomic Nomenclature (ISCN) 2016.[@CIT0022]

Fluorescence in situ Hybridization (FISH) and CIN Evaluation {#S0002-S2005}
------------------------------------------------------------

CIN was evaluated on the metaphase and nuclei spreads obtained previously by FISH using six centromeric probes (CEP) for chromosomes 2, 3, 8, 11, 15 and 17 (all from Cytocell, Cambridge) and standard procedures. Briefly, slides were dehydrated in ethanol series before hybridization with FISH probes. Three-color FISH was performed on nuclei/metaphase spreads for chromosomes 2, 8 and 11, and for chromosomes 3, 15 and 17, using centromeric probes labeled with different spectrum colors: spectrum orange for CEP2 and CEP3; spectrum green for CEP8 and CEP17; and spectrum aqua for CEP11 and CEP15. After the addition of the probe mix, the slides were codenatured in the Top Brite System (Resnova, Italy) at 75ºC for 2 mins and hybridized overnight at 37ºC. Slides were then washed, dehydrated, and counterstained with 4′,6-diamidino-2-phenylindole (Cytocell). Ten randomly selected areas of each exposed and unexposed individual were acquired using an Olympus microscope with the cytogenetic software Cytovision System 7.4 (Leica Biosystems Richmond, Inc.). CIN was assessed in a minimum of 100 intact and non-overlapping nuclei/metaphases for each chromosome.

Although some studies have shown that the use of probes for only two chromosomes is enough to differentiate diploid from aneuploid tumors,[@CIT0023] we decided to use six probes since the use of more than two probes allows the identification of clonal populations with greater certainty.[@CIT0024]

Data Analysis {#S0002-S2006}
-------------

Fisher's exact test, Student's *t*-test and Wilcoxon test were performed to compare the GTG-banding cytogenetic data with parametric and non-parametric distribution, respectively. Normality of the data was evaluated by the Shapiro--Wilk test. Data from the exposed individuals were compared with those of the unexposed individuals. *p* values less than 0.05 were considered significant (\**p*≤0.05 \*\**p*≤0.01). All statistical analyses were performed using IBM-SPSS Statistics Developer (Version 21.0 IBM Company, Chicago, IL). The CIN rate for each exposed and unexposed individual was defined first by calculating the percentage of nuclei with a CEP signal number different to the modal number (most common chromosome number in a tumor cell population) for each individual chromosome and then calculating the mean CIN percentage of all chromosomes analyzed.[@CIT0025],[@CIT0026] According to the level of CIN, each exposed and unexposed individual was classified as having low CIN (CIN\<25%) or high CIN (CIN≥25%).[@CIT0027],[@CIT0028]

Results {#S0003}
=======

Characteristics of Study Groups {#S0003-S2001}
-------------------------------

GTG-Banding and molecular cytogenetics were used in order to evaluate chromosomal alterations and CIN in a group of farmers exposed to pesticides and in a control group. General and detailed characteristics of the groups studied (exposed and unexposed) are presented in [Tables 1](#T0001){ref-type="table"} and [2](#T0002){ref-type="table"}, respectively. For the exposed group, the median time of exposure to pesticides was 120 months and the median age was 53 years ([Table 2](#T0002){ref-type="table"}). In both groups, exposed and unexposed, a low prevalence of smoking and alcoholic beverage consumption was reported. The results are expressed as the mean ± standard deviation (SD) ([Tables 1](#T0001){ref-type="table"} and [2](#T0002){ref-type="table"}). Pesticides to which farmers were mainly exposed included fungicides, insecticides and herbicides ([Table 3](#T0003){ref-type="table"}).Table 3Pesticides Most Commonly Used by Exposed IndividualsPesticideActive IngredientCommercial NameFungicideMancozeb + CymoxanilCurathane; Curzate M-8; CymozebMancozebManzateCymozebCymoxanil and MancozebPropinebAntracolPropineb; CymoxanilFitorazInsecticideImidaclopridConfidorProfenofosCuracronLambda-cyhalothrinKarate Zeon SCCarbosulfanEltra 48CarbofuranFuradanChlorpyrifosLorsbanHerbicideParaquatGramoxone

GTG-Banding Cytogenetic Results {#S0003-S2002}
-------------------------------

To define fragilities (fra), chromosome variants (CVs) (increase in length of heterochromatic segments of chromosomes 1, 9 and 16), chromosome breaks (chrb), chromatid breaks (chtb), and clonal (CCA) and non-clonal (NCCA) chromosomal alterations (numerical and structural chromosomal alterations), between 20 and 95 metaphases with good chromosome morphology and chromosome dispersion, were analyzed from individuals of both groups (exposed and unexposed). In total 544 metaphases were analyzed. GTG-banding cytogenetic analysis for both, exposed and unexposed groups, demonstrated a modal diploid number (2n). As shown in the [Figures 1](#F0001){ref-type="fig"} and [2](#F0002){ref-type="fig"}, significantly high frequencies for fragilities, variation in length of heterochromatic segments on the long arms of chromosomes 1 (1qh+), 9 (9qh+) and 16 (16qh+); inversion of chromosome 9 \[inv(9)\]; chromosomal breaks (chrb) and chromatid breaks (chrb), and CAs including structural (SCAs) and numerical chromosomal alterations (NCAs), were found in the exposed group compared with those observed in the unexposed group (510 and 73, respectively) (*p*≤ 0.008; Wilcoxon test) ([Table 4](#T0004){ref-type="table"}).Table 4Frequencies and Percentages of Chromosome Variants (CVs) and Chromosomal Alterations (CAs) Identified in the Exposed and Unexposed GroupsCVs and CAsNumber of IndividualsNumber of AlterationsExposed n (%)Unexposed n (%)Exposed n (%)Unexposed n (%)*p*^+^fra5 (100)5 (100)97 (28)6 (3)0.00001\*\*1qh+5 (100)0 (0)35 (10)0 (0)0.0015\*\*9qh+1 (20)0 (0)3 (0.9)0 (0)1fra(9)(q12)5 (100)5 (100)115 (34)33 (16)0.0052\*\*inv(9)2 (40)1 (20)3 (0.9)1 (0.5)0.621216qh+3 (60)0 (0)79 (23)0 (0)0.000001\*\*chtb/chrb5 (100)4 (80)59 (17)9 (4)0.0046\*\*NCAs5 (100)5 (100)93 (27)23 (11)0.0063\*\*SCAs5 (100)1 (20)26 (8)1 (0.5)0.0349\*Total51073Mean16.53.9SD12.25.7*p^++^*0.008\*\*[^2] Figure 1Frequency of chromosome variants (CVs) and chromosomal alterations (CAs) in peripheral blood lymphocytes (PBLs) from farmers exposed to pesticides (**A**) and from unexposed individuals (**B**). The frequency of each CV and CA is indicated for each exposed and unexposed individual using a color code for each category according to the legend at the bottom.**Abbreviations:** fra, fragilities; 1qh+, increase in length of the heterochromatic segment on the long arm of chromosome 1; 9qh+, increase in length of the heterochromatic segment on the long arm of chromosome 9; fra(9)(q12), fragility in the long arm of chromosome 9, region 1 and band 2; inv(9), inversion of chromosome 9; 16qh+, increase in length of the heterochromatic segment on the long arm of chromosome 16; chtb/chrb, chromatidic/chromosomic break; M, monosomies; T, trisomies; del, chromosomal deletions; der, derivative chromosomes; t, chromosomal translocations; other, other structural chromosomal alterations.Figure 2Percentages of chromosome variants and chromosomal alterations observed in the exposed and unexposed groups.**Abbreviations:** fra, fragilities; 1qh+, increase in length of the heterochromatic segment on the long arm of chromosome 1; 9qh+, increase in length of the heterochromatic segment on the long arm of chromosome 9; inv(9), inversion of chromosome 9; 16qh+, increase in length of the heterochromatic segment on the long arm of chromosome 16; chtb/chrb, chromatidic/chromosomic break; NCAs, numerical chromosomal alterations; SCAs, structural chromosomal alterations.

In addition, we assessed the effect of smoking and alcohol consumption as confounding factors on the frequency of CVs, chromosome breaks (chrb), chromatid breaks (chtb), and clonal (CCA) and non-clonal (NCCA) chromosomal alterations (numerical and structural chromosomal alterations) in all study subjects. Our results indicate that neither alcohol consumption nor cigarette smoking increase the frequency of CVs and CAs in any of the groups studied, exposed and unexposed ([Table 2](#T0002){ref-type="table"}).

### Fragilities {#S0003-S2002-S3001}

A high frequency of fra was found in the exposed group (212 fragilities) ([Figure 1A](#F0001){ref-type="fig"}) compared with the unexposed group (39 fragilities) ([Figure 1B](#F0001){ref-type="fig"}). In the exposed and unexposed groups, fra(9)(q12) was the most frequent (115/212 and 33/39, respectively) ([Table 4](#T0004){ref-type="table"}, [Figure 3A](#F0003){ref-type="fig"}) and was present in 100% of the exposed and unexposed individuals ([[Table S1](https://www.dovepress.com/get_supplementary_file.php?f=230953.docx)]{.ul}). Comparison of the presence of fra between exposed and unexposed groups showed a significant difference (*p*≤0.005) ([Table 4](#T0004){ref-type="table"}). In both exposed and unexposed groups many of the fragilities were non-clonal ([[Table S1](https://www.dovepress.com/get_supplementary_file.php?f=230953.docx)]{.ul}).Figure 3Representative karyotypes of exposed individual showing: (**A**) Fragility of the long arm of chromosome 9: 46,XY,fra(9)(q12). (**B**) Monosomy of chromosome X:45,X,-X. (**C**) Numerical and structural chromosomal alterations: 47,XY,del(8)(q23),+10,16qh+. Arrows indicate chromosomal alterations.

### Variation in Length of Heterochromatic Segments {#S0003-S2002-S3002}

High frequency of increase in the length of heterochromatic segments on the long arms of chromosomes 1 (1qh+) and 16 (16qh+) was identified in 100% and 60% of the exposed individuals, respectively, and in none of the unexposed individuals ([Table 4](#T0004){ref-type="table"} and [Figures 1](#F0001){ref-type="fig"} and [2](#F0002){ref-type="fig"}). Comparison of the presence of 1qh+ and 16qh+ between exposed and unexposed groups showed significant differences (*p*≤0.001, Fisher's exact test) ([Tables 4](#T0004){ref-type="table"} and [[S2](https://www.dovepress.com/get_supplementary_file.php?f=230953.docx)]{.ul}).

### Chromatid and Chromosomic Breakage (Chtb/Chrb) {#S0003-S2002-S3003}

Also, higher frequencies of chrb and chtb were observed in the exposed group (59 breaks) compared with those observed in the unexposed group (9 breaks) ([Table 4](#T0004){ref-type="table"}). In the exposed group the chromosomes most affected by such changes were chromosomes 9, 1, 5 and 6 ([[Table S3](https://www.dovepress.com/get_supplementary_file.php?f=230953.docx)]{.ul}). The frequency of chrb and chtb between exposed and unexposed groups showed statistically significant differences (*p*≤0.004) ([Table 4](#T0004){ref-type="table"}).

### Numerical (NCAs) and Structural Chromosomal Alterations (SCAs) {#S0003-S2002-S3004}

In the exposed and unexposed groups, 119 NCAs and 24 SCAs were observed, respectively ([Table 4](#T0004){ref-type="table"}). In the exposed group, NCAs (93/119) were more frequent than SCAs (26/119) ([Figures 1](#F0001){ref-type="fig"} and [2](#F0002){ref-type="fig"}). Similar results were observed in the unexposed group, where NCAs (23/24) were also more frequent than SCAs (1/24). When exposed and unexposed groups were compared, the frequency of NCAs and SCAs showed significant differences (*p*≤0.006 and *p*≤0.03, respectively) ([Table 4](#T0004){ref-type="table"}).

### Numerical Chromosomal Alterations {#S0003-S2002-S3005}

The NCAs identified in both groups were mainly monosomies, while trisomies were less frequently observed and were non-clonal (NCCAs). Note that in the exposed group, monosomy of the X chromosome ([Figure 3B](#F0003){ref-type="fig"}) was most frequently found in exposed females, but not exposed males, followed by monosomies of chromosomes 10 and 20, which showed statistically significant differences compared with the monosomies observed in the unexposed group (*p*≤0.006) ([Tables 4](#T0004){ref-type="table"} and [[S4](https://www.dovepress.com/get_supplementary_file.php?f=230953.docx)]{.ul}). Additionally, between 1 and 3 marker chromosomes (mar) were identified in all exposed individuals, which were absent in the unexposed group ([[Table S4](https://www.dovepress.com/get_supplementary_file.php?f=230953.docx)]{.ul}).

### Structural Chromosomal Alterations {#S0003-S2002-S3006}

A higher frequency of non-clonal SCAs was identified in the exposed group (26/119) compared with those observed in the unexposed group (1/24). SCAs were observed in all individuals of the exposed group (100%), including dicentric chromosomes (dic), deletions (del), translocations (t), inversions (inv), derivative chromosomes (der) and ring chromosomes (r), while in the unexposed group only one deletion in one individual was observed ([Table 6](#T0006){ref-type="table"}). Among all SCAs, deletions were most frequently found (10/26) in all exposed individuals, followed by translocations (6/26) and derivative chromosomes (5/26) ([Figure 1](#F0001){ref-type="fig"} and [Table 5](#T0005){ref-type="table"}). Note that the chromosome most affected by SCAs in the exposed group was chromosome 8, where deletions and translocations were prevalent ([Table 5](#T0005){ref-type="table"} and [Figure 3C](#F0003){ref-type="fig"}).Table 5Type and Frequency of Structural Chromosomal Alterations (SCAs) Observed in Exposed (E) and Unexposed (C) Groups. The Frequency of Each SCAs Is Indicated for Each Exposed and Unexposed Individual Using a Color Code for Each Category According to the Legend to the Right![](RMHP-13-97-i0001.jpg){#ILF0001}[^3] Table 6Frequency and Percentage of Chromosome Variants (CVs) and Chromosomal Alterations (CAs) Identified in Paired Exposed/Unexposed IndividualsNoExposedUnexposedpn%n%1138411890.0001\*\*28926940.0001\*\*31093221100.0002\*\*410932940.0001\*\*565191680.037\*[^4]

Comparison of the presence of fragilities, variation in length of heterochromatic segments on the long arms of chromosomes 1, 9 and 16, chromosomal and chromatid breaks, and CAs between paired exposed/unexposed individuals showed statistically significant differences ([Table 6](#T0006){ref-type="table"}).

Molecular Cytogenetic (Fluorescence in situ Hybridization) Results {#S0003-S2003}
------------------------------------------------------------------

In order to better quantify the level of CIN in exposed compared to unexposed individuals, we assessed CIN by using centromeric FISH in 100 interphase nuclei and some metaphases. The CIN rate for each exposed and unexposed individual was defined first by calculating, for each of the six chromosomes separately, the percentage of nuclei with a CEP signal number different to the modal number, and then calculating the mean CIN percentage of all six chromosomes analyzed ([[Table S5](https://www.dovepress.com/get_supplementary_file.php?f=230953.docx)]{.ul}).

Exposed individuals showed a high CIN (≥25%) compared with a low CIN (≤14%) observed in unexposed individuals ([Figures 4](#F0004){ref-type="fig"} and [5](#F0005){ref-type="fig"}, and [[Table S5](https://www.dovepress.com/get_supplementary_file.php?f=230953.docx)]{.ul}). More specifically, in exposed individuals, CIN ranged between 41% and 45%, while in non-exposed individuals, CIN ranged between 4% and 14% ([Figures 4](#F0004){ref-type="fig"} and [5](#F0005){ref-type="fig"}). These results suggest that pesticides can induce aneuploidy, which is indicative of numerical CIN.Figure 4Percentage of Chromosomal Instability (CIN) observed in peripheral blood lymphocytes (PBLs) from farmers exposed to pesticides and from unexposed individuals. CIN was evaluated on nuclei spreads by using FISH with six centromeric probes (CEP) for chromosomes 2, 3, 8, 11, 15 and 17. The CIN rate for each exposed and unexposed individual was defined first by calculating the percentage of nuclei with a CEP signal number different to the modal number (most common chromosome number in a tumor cell population) for each individual chromosome and then calculating the mean CIN percentage of all chromosomes analyzed. The bars indicate the mean and standard deviation of each probe in each group (exposed and unexposed).Figure 5Representative FISH images of an exposed and an unexposed individual. Metaphase spreads are shown and boxes indicate representative interphase nuclei for each case. In the exposed individual, more than two signals are observed for chromosomes 2, 3, 8, 11, 15 and 17, which is indicative of chromosomal instability. While in the unexposed individual, for each of the chromosomes indicated above, a normal number of signals (two signals) are observed. Three-color FISH was performed on nuclei spreads for chromosomes 2, 8 and 11 and, chromosomes 3, 15 and 17 using centromeric probes (CEP) labeled with different spectrum colors: spectrum orange for CEP2 and CEP3; spectrum green for CEP8 and CEP17; and spectrum aqua for CEP11 and CEP15.

Discussion {#S0004}
==========

In Colombia, one of the most important economic activities is agricultural production, which results in farmers being exposed to pesticides. Many of these pesticides are carcinogenic and mutagenic. It is well known that chromosomal alterations are causal events in the development of neoplasms.[@CIT0029] Therefore, cytogenetic damage may reflect an increase in cancer risk.[@CIT0021],[@CIT0030] However, although many studies have reported high genotoxicity associated with these chemicals, in Colombia, information about the type and frequency of specific CAs and the level of CIN induced by exposure to pesticides is scarce or absent. Considering the above, the aim of our study was to evaluate CAs and CIN induced by pesticides in peripheral blood lymphocytes (PBLs) from farmers occupationally exposed to pesticides.

The results obtained using GTG-Banding and FISH analysis of a large number of metaphases, allowed us to identify previously unreported CVs and CAs in farmers exposed to pesticides. The mean number of CVs and CAs observed in the exposed individuals was seven times higher than that in the unexposed individuals. The above suggests a possible cytogenetic effect of pesticides on occupationally exposed farmers in the Department of Cundinamarca, Colombia. Numerical and structural CIN was also observed in both, exposed and unexposed groups, with a higher and statistically significant prevalence in the exposed group. However, it is important to highlight that many of the numerical and structural alterations observed were NCCAs.

In the exposed group, the monosomies were the CAs most frequently observed compared with those observed in the unexposed group. Monosomies have been correlated with hematological malignancies in several recent studies.[@CIT0031] For instance, monosomy of chromosome X, observed at high frequency in two exposed individuals, has been correlated with autoimmune disease in females,[@CIT0032],[@CIT0033] autoimmune thyroid disease and systemic sclerosis.[@CIT0034] Furthermore, a high frequency of monosomy X was found in peripheral leukocytes from patients with primary biliary cirrhosis.[@CIT0035] Interestingly, it has been proposed that xenobiotics, including pesticides, may be environmental triggers of primary biliary cirrhosis in genetically susceptible individuals.[@CIT0036]--[@CIT0038] The above studies demonstrate a possible link between pesticide exposure, chromosome X monosomy and disease. In addition, chromosome 10 trisomy, observed in 40% of exposed and in 0% of non-exposed subjects, has been reported as a non-random anomaly in myeloid disorders.[@CIT0039],[@CIT0040] Aneuploidy, defined as the loss or gain of complete chromosomes, is a characteristic of tumor cells associated with cellular stress.[@CIT0041]

Regarding structural chromosomal alterations, this type of alterations may alter the relative dosage of genes on the affected chromosomes, which could lead to the development of diseases, including cancer. In fact, it has been reported that unbalanced chromosomal abnormalities, in which there is a net gain or loss of genetic material, lead to the development of many human genetic disorders.[@CIT0042]

In addition, a significant increase in the frequency of fragilities (fra), increase in length of heterochromatic segments on the long arms of chromosome 1 (1qh+) and chromosome 16 (16qh+) and chromosomal and chromatidic breakages (chrb/chtb) were also observed in the exposed compared with the unexposed group. Fragilities are unstable regions of the genome[@CIT0043] that can lead to the formation of complex CAs, including sister chromatid exchanges,[@CIT0044] duplications,[@CIT0045] intrachromosomal gene amplification,[@CIT0046] deletions and translocations,[@CIT0047],[@CIT0048] among others. All the above CAs have been associated with the development of cancer.[@CIT0049],[@CIT0050] In fact, many tumor suppressor genes and oncogenes have been located within fragile sites.[@CIT0051] Among the fragilities identified in this study, fra(9)(q12) was the most frequently observed in the exposed individuals. Interestingly, this fragility was observed by us in high frequency, in a Colombian population with breast cancer[@CIT0052] and also in individuals occupationally exposed to paint removers.[@CIT0053] Therefore, we suggest that fra(9)(q12) could be considered as a cytogenetic biomarker of chromosomal damage associated with pesticide exposure.

With respect to the increase in the length of heterochromatin segments, Atkin, et al[@CIT0054] suggested susceptibility to malignancy associated mainly with heteromorphisms in chromosome 1. In addition, several groups have reported the presence of heterochromatin variation on chromosomes 1, 9 and 16, in patients with various malignant tumors including ovarian, breast and hematological disorders, among others.[@CIT0055]--[@CIT0057] To highlight that, scoring of chromosomal breakages has been used to monitor populations with increased cancer risk due to carcinogen exposure.[@CIT0058]--[@CIT0060] Moreover, chromosomal breakages generally produce non-recurrent chromosomal aberrations (NCCAs),[@CIT0061] which are indicative of CIN.

In addition, CIN was also evaluated by using FISH. This method allowed us to identify, in each exposed and exposed individual, the variations in the modal number of chromosomes 2, 3, 8, 11, 15 and 17. Our results show that individuals exposed to pesticides have a high frequency of aneuploidy (high CIN) compared to low aneuploidy (low CIN) observed in unexposed individuals. Some studies have shown that a wide range of chemicals, classified as aneugens, are capable of inducing aneuploidy both in vitro and in vivo.[@CIT0062] Thus, it has been reported that exposure to low concentrations of potentially aneugenic chemicals, such as pesticides, can induce carcinogenesis.[@CIT0063] The mechanisms through which pesticides induce aneuploidy are not well known. Aneugenic chemicals may lead to chromosome loss and non-disjunction by interacting with a variety of cell components and activities, such as synthesis and functioning of the spindle fibres,[@CIT0064] activity of the centrosome and modification of centromeres.[@CIT0065] Additionally, it has been reported that chemically induced aneuploidy may be extremely relevant for environmental carcinogenesis.[@CIT0066] To our knowledge, this is the first study to assess numerical CIN using six centromeric FISH probes in individuals occupationally exposed to pesticides.

Together, our results show that exposure to pesticides is associated with a significant increase in CIN. CIN is characterized by cell-to-cell variability in the number or structure of chromosomes in a given cell population,[@CIT0067] and by the presence of clonal (CCAs) and non-clonal alterations (NCCAs). Considering that CCAs are recurrent chromosomal alterations (alterations found at least twice in a population of 20--40 mitosis), and NCCAs are present in a population of cells in a non-recurrent manner,[@CIT0068] our results not only suggest that pesticides induce CIN but also high levels of heterogeneity. In fact, it has been reported that NCCAs reflect a more unstable system and are a stronger indicator of CIN.[@CIT0067],[@CIT0069] In addition, CCAs and NCCAs can lead to expansion of chromosomal alterations and, therefore, to a general increase in heterogeneity. Both CIN and heterogeneity reflect the instability of the system and may predispose cells to acquire additional CAs and, therefore, to a higher risk of malignant transformation.[@CIT0070],[@CIT0071] In fact, a linear trend between CAs in PBLs and subsequent cancer risk has been shown by several prospective cancer studies.[@CIT0029],[@CIT0072]--[@CIT0075]

Most of the farmers in our study were exposed to complex mixtures of pesticides. Considering that pesticides come in many different formulations due to variations in the active ingredient's solubility, ability to control the pest, and ease of handling and transport, it is very difficult to determine whether the chromosomal damage observed in exposed individuals is due to a specific pesticide. Furthermore, variable combinations of products are often used.[@CIT0017] In addition, pesticides generally have different biological modes of action. For example, it has been reported that mancozeb, one of the pesticides used by farmers in this study, interferes with the synthesis, metabolism, transportation, and elimination of hormones, which results in decreased natural hormone concentrations.[@CIT0076] Paraquat, besides being the second most widely used herbicide,[@CIT0077] also has been associated with an increased risk of Parkinson's disease.[@CIT0078] Another of the pesticides used by the exposed group is Carbosulfan. This insecticide is a potent genotoxic agent and a potent germ cell mutagen.[@CIT0079] In fact, it has been reported that the exposure of mice to this insecticide increases the formation of bone marrow micronuclei, chromosomal abnormalities and sperm alterations.[@CIT0077]

The high frequency of CVs and CAs observed in the exposed group might result from pesticide-induced oxidative stress. Oxidative stress is known to cause DNA damage, which in turn may cause health disorders including Parkinson's disease,[@CIT0078] endocrine disruption,[@CIT0080] respiratory and reproductive disorders,[@CIT0081] Hodgkin's disease, non-Hodgkin lymphoma,[@CIT0082] leukemia, Burkitt lymphoma, ovarian cancer, neuroblastoma, soft tissue sarcoma,[@CIT0083] and cancers of the lung, rectum, stomach, bladder, colon and breast.[@CIT0084],[@CIT0085]

Considering that the mutagenic risk of various cigarette components is considered a confounding factor that can influence the frequency of CVs and CAs, we analyze whether smoking and alcohol consumption in both the exposed and unexposed individuals affect the frequency of chromosomal damage. Our results show that smoking does not increase the frequency of chromosomal damage in the exposed 5 (E5), the only exposed individual who indicated being a smoker. This result may be due to the fact that the average daily cigarette intake of E5 is 3, so according to the criteria considered by Calderón-Ezquerro et al (2007),[@CIT0086] the E5 can be classified as a light smoker (\<19 ± 3.88 cigarettes/day), so this amount is insufficient to cause an effect on PBLs. Additional studies found no effect of smoking habit on workers exposed to pesticides and whose intake was between 22 and 25 cigarettes/day.[@CIT0087] With regard to alcohol consumption, our results showed no associations between alcohol consumption and increased in the frequency of CVs and CAs. Similar findings have been previously reported, which indicate that the increase in the frequency of chromosomal damage is not related to alcohol consumption in people exposed to pesticides.[@CIT0088]

Conclusions {#S0005}
===========

The results obtained from the analysis of a large number of metaphases for using GTG-Banding and FISH allowed us to identify previously unreported chromosome variants (CVs) and CAs in farmers exposed to pesticides. The results of our study, although conducted on a small number of individuals, suggest a deleterious effect of pesticides on chromosomes as well as the association between them with a significant increase in CIN. Considering that CIN can predispose cells to additional chromosomal alterations and, therefore, to an increased risk of developing diseases, the establishment of educational programs on safety precautions when handling pesticides, such as wearing boots and masks, gloves, changing clothes and maintaining proper hygiene, among others, is urgent and necessary. Our study provides relevant information for further evaluation with a greater number of individuals.
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[^1]: **Abbreviation:** SD, Standard Deviation.

[^2]: **Notes:** \*Statistically significant difference relative to the unexposed group at *p*≤0.05. \*\*Statistically significant difference relative to the unexposed group at *p*≤0.01 (p^+^: Fisher's exact test; p^++^: Wilcoxon test).

    **Abbreviation:** SD, standard deviation.

[^3]: **Abbreviations:** dic, dicentric chromosome; del, chromosome deletion; r, ring chromome; t, chromosome translocation; inv, chromosome inversion; add, additional material of unknown origin; rob, Robertsonian translocation.

[^4]: **Notes:** \*Statistically significant difference relative to the unexposed group at *p*≤0.05. \*\*Statistically significant difference relative to the unexposed group at *p*≤0.01 (Fisher's exact test).
